Introduction
The surfaces of steel products, which are extensively used as structural materials, are often covered by rust or corrosion products upon exposure to the atmosphere. Corrosion products of iron (Fe) are formed by the oxidation and precipitation of ferrous (Fe(II)) ions, which result from the dissolution of metallic Fe into aqueous solutions, via electrochemical reactions occurring at the steel surface. 1, 2) The corrosion products of Fe mainly comprise Fe oxides such as goethite (-FeOOH), lepidocrocite (-FeOOH), and magnetite (Fe 3 O 4 ). These oxides have different structures and morphologies, which are affected by foreign cations and anions in the solution. Alloying elements such as copper (Cu) and phosphorus (P) present in weathering steels modify the morphology of the corrosion products and thus reduce the corrosion rate. [3] [4] [5] However, the role of alloying elements in the formation of the Fe corrosion products has not been clearly clarified, as the chemical properties of Fe are different from those of the alloying elements.
Fe corrosion products are considered to be formed from green rust (GR), which comprises Fe(II) and Fe(III) ions, as GR is often observed in the layer between the corrosion products and the metallic Fe substrate. 6, 7) GR, which is stable in aqueous solutions of relatively low potential, is converted into different Fe oxides via the dissolution and precipitation of Fe(II) and Fe(III) ions by atmospheric oxygen. [8] [9] [10] [11] [12] [13] [14] In order to understand the role of alloying elements in the formation of Fe corrosion products, the effect of specific elements on the conversion of GR(SO 4 2À ) to different Fe oxides in aqueous solutions has been investigated. [15] [16] [17] [18] In these studies, GR(SO 4 2À ) is synthesized via a chemical route, and the conversion of GR(SO 4 2À ) into different Fe oxides by aerial oxidation is investigated. According to the results, the abovementioned conversion is highly sensitive to the oxidation conditions such as oxidation rate and the presence of foreign elements. In addition, Cu ions reduced to metallic Cu (Cu(0)) in the GR(SO 4 2À ) suspension, while a part of GR(SO 4 2À ) is oxidized to -FeOOH.
18) The low electrochemical potential of the GR(SO 4 2À ) suspension is thought to induce the oxidation of Fe(II) to Fe(III) and the reduction of Cu(II) to Cu(0).
Since Cu is one of the most important alloying elements used in weathering steels, it is important to clarify the effect of the addition of Cu ions on the oxidation of GR. GR(Cl À ) is an important precursor that can be oxidized to different Fe oxides in aqueous solutions, since metallic Fe is easily oxidized in aqueous solutions containing Cl À . Therefore, the objective of this study is to clarify the effect of the addition of Cu ions on GR(Cl À ) oxidation. Oxidation of the GR(Cl À ) suspension containing Cu is performed with continuous monitoring of the oxidation-reduction potential (ORP) and pH of the aqueous solution. The structure and morphology of the solid particles formed during the oxidation reaction are characterized by X-ray diffraction (XRD) analysis and transmission electron microscopy (TEM). The measured ORP and pH values of the solution are compared with the results of the structural analysis of the solid particles formed during the oxidation of the Cu-containing GR(Cl À ) suspension.
Experimental

Sample preparation
The GR(Cl À ) suspension was synthesized by adding an aqueous NaOH solution to a solution containing ferric chloride (FeCl 3 ) and ferrous chloride (FeCl 2 Oxidation of GR(Cl À ) was carried out in a specially designed 500-mL glass beaker fitted with an airtight acrylic lid having openings for inserting pH and Pt electrodes, gas inlet/outlet ports, a stirrer, and a sampling port. The GR(Cl À ) suspensions with and without Cu were placed in a water bath maintained at 298 K and oxidized by passing nitrogen gas containing 5% oxygen at a flow rate of 200 mL/min (min ¼ 60 s). The GR(Cl À ) suspensions were sampled at regular time intervals, during which Ar gas was bubbled into the suspensions to arrest the oxidation reaction. The oxidized solid particles were separated from the suspensions by centrifugation. Fully oxidized particles were prepared by freeze-drying after oxidation for 400 min.
Measurements
The pH and ORP values of the aqueous solutions were measured during the formation of different Fe oxides. A TOA DKK IM-55G ion meter was used for automatically measuring the pH and ORP of the GR(Cl À ) suspensions as a function of the oxidation time. The amount of dissolved oxygen (DO) in the aqueous solution was measured using an oxygen meter during the oxidation experiments.
The Fe oxides formed in the oxidation reaction were identified by XRD analysis. Samples for the XRD measurements were carefully prepared in a glove box by mixing the solid particles separated from the suspension with glycerol to avoid aerial oxidation. XRD measurements were carried out on a Rigaku RINT-2200 diffractometer using Mo K radiation (17.447 keV). The morphologies of the solid particles were observed using a transmission electron microscope (JEOL JEM-1200EX II).
Results and Discussion
3.1 Changes caused by oxidation in the structure and morphology of the particles Figure 1 shows the XRD patterns of as-prepared GR(Cl À ), GR(Cl À )-2.5Cu, and GR(Cl À )-5Cu, together with the JCPDS data for GR(Cl À ), Fe 3 O 4 , and Cu for reference. These GR samples were withdrawn from the suspensions before the oxidation, and the diffraction peaks of the samples were mostly assigned to GR(Cl À ). This indicated the formation of almost pure GR(Cl À ) solid particles under the present conditions. However, a small diffraction peak assignable to the main Figs. 2  and 3 , respectively. Upon the addition of CuCl 2 , the ORP increased slightly, while the pH decreased. As an increase of the ORP and a decrease of the pH are generally induced by the oxidation, these results indicate that the oxidation of Fe(II) to Fe(III) occurs in the GR(Cl À ) solution, although the ORP and pH values are also influenced by the amounts of chemical species in the solution. The ORP could be maintained at a low value by the addition of CuCl 2 . When the oxidation of GR(Cl À ) proceeded, the ORP significantly increased for $10 min, while the pH decreased. On the other hand, in the GR(Cl À )-2.5Cu and GR(Cl À )-5Cu solutions, the ORP was low, and no significant change was observed in the pH. However, these values changed considerably in the GR(Cl À ) suspension after 130 min of oxidation. The oxidation times for the GR(Cl À )-2.5Cu and GR(Cl À )-5Cu solutions were shorter than the oxidation time for the GR(Cl À ) solution. Further, the ORP curves of the Cu-containing GR(Cl À ) solutions exhibited a reaction at approximately 100 mV, probably because of the formation of Cu oxides in the suspension. The main characteristic changes in the ORP and pH were thought to affect the formation of Fe oxides in the GR(Cl À ) suspension. As oxygen in the aqueous solution plays an important role in GR(Cl À ) oxidation, the amount of DO was measured during the course of the reaction. Figure 4 shows the plots of the DO amount against the oxidation time of the GR(Cl À ) suspensions at 298 K. The main features of the curves are consistent with those shown in Figs. 2 and 3 . Some reaction probably occurred in the GR(Cl À ) suspension within the first 60 min of oxidation, and the amount of DO was in equilibrium with the solution at the final oxidation stage, i.e., after $120 min.
Structural and morphological changes in Cu-con-
taining GR(Cl À ) suspensions after oxidation In order to investigate the sequential formation of different Fe oxides, the solid particles formed by the dissolution and precipitation of GR(Cl À ) after oxidation were systematically analyzed by XRD. Figure 5 shows the XRD patterns of the particles formed by passing nitrogen gas containing 5% oxygen through the GR(Cl À ) suspension at 298 K for 0, 30, 60, 120, 240, and 360 min. Samples for XRD analysis were withdrawn from the GR(Cl À ) suspension during oxidation. Fe 3 O 4 and -FeOOH were formed in the initial 60 min of oxidation at 298 K, and a considerable amount of -FeOOH was formed upon further oxidation. Although the oxidation of the GR(Cl À ) suspension was thought to be affected by various factors such as amount of ions in the solution, the present results implied that Fe 3 O 4 and -FeOOH were formed at low electrochemical potentials, while -FeOOH was formed at high electrochemical potentials.
The XRD patterns of the particles formed upon the introduction of nitrogen gas containing 5% oxygen into the GR(Cl À )-2.5Cu and GR(Cl À )-5Cu suspensions at 298 K are shown in Figs. 6 and 7 , respectively. The XRD patterns indicate that Fe 3 O 4 and -FeOOH are formed during the first 60 min of oxidation and that a small amount of -FeOOH is formed upon further oxidation. These results differ from those obtained for the GR(Cl À ) suspension, as the oxidation process in the GR(Cl À )-2.5Cu and GR(Cl À )-5Cu suspensions differs from that in the GR(Cl À ) suspension, as shown in Figs. 2, 3 , and 4. The low electrochemical potential of the GR(Cl À )-2.5Cu and GR(Cl À )-5Cu suspensions is thought to favor the formation of Fe 3 O 4 and -FeOOH.
The fully oxidized particles obtained from the GR(Cl À ), GR(Cl À )-2.5Cu, and GR(Cl À )-5Cu suspensions were freezedried for structural analysis. Figure 8 shows the XRD patterns of the freeze-dried particles obtained from the fully oxidized GR(Cl À ), GR(Cl À )-2.5Cu and GR(Cl À )-5Cu
solutions. The particles were oxidized by passing nitrogen gas containing 5% oxygen for more than 400 min at 298 K. The XRD patterns for these particles were not consistent with the results shown in Figs. 5, 6, and 7. This was because the samples extracted from the GR(Cl À ) were mixed with an amount of glycerol, and residual ions in the aqueous solution precipitated in the freeze-dried samples. The XRD patterns of these samples showed that the fully oxidized particles obtained from the GR(Cl À ) suspension mainly consisted of -FeOOH, while those obtained from the GR(Cl À )-2.5Cu and GR(Cl À )-5Cu suspensions comprised Fe 3 O 4 andFeOOH. These results were consistent with those shown in Figs. 5, 6, and 7, although there were differences in the sample preparation methods in these two cases.
The transmission electron micrographs of the oxidized particles obtained from the GR(Cl À ), GR(Cl À )-2.5Cu, and GR(Cl À )-5Cu suspensions are shown in Figs. 9(a), (b), and (c). It is known that -FeOOH and -FeOOH particles are spindle-shaped and plate-like, respectively, while Fe 3 O 4 particles are typically spherical.
1) The present micrographs are fundamentally consistent with the XRD results (Fig. 8) . Although the shapes of the different oxidized particles are not so simple, it is seen that the morphology of the Fe oxide particles change because of the presence of a foreign element such as Cu.
The mechanism of reduction of Cu ions in the GR(Cl À ) suspension and that of the oxidation of the GR(Cl À )-2.5Cu and GR(Cl À )-5Cu suspensions are explained using the electrochemical potentials of Fe and Cu in aqueous solutions on the basis of the potential vs. pH diagrams obtained for Fe-O-H and Cu-O-H systems, respectively. 19) The ORP values measured in this study are comparable to the electrochemical potentials for these systems. As Cu is a noble element, the reaction between Cu(II)/Cu(0) is thought to occur in the high-potential region. On the other hand, GR(Cl À ) is stable in the electrochemical potential between -FeOOH and metallic Fe.
18) The electrochemical potential for the formation of Fe 3 O 4 is considered to be higher than that of GR(Cl À ), as the Fe(II) content is higher in GR(Cl À ) than in Fe 3 O 4 . Thus, we conclude that the electrochemical potential in the GR(Cl À ) suspension used herein is sufficiently low to favor the reduction of Cu ions to metallic Cu.
When the electrochemical potential of the aqueous solution is slowly increased, as in the case of the oxidation of GR(Cl À )-2.5Cu and GR(Cl À )-5Cu, GR(Cl À ) is oxidized to Fe 3 O 4 and -FeOOH. However, if the oxidation rate is sufficiently high, -FeOOH is predominantly formed, as has been observed during the oxidation of the GR(Cl À ) suspension. Furthermore, metallic Cu is oxidized in aqueous solutions at high electrochemical potentials, and this accounts for the characteristic reaction stages in the ORP and pH curves shown in Figs. 2 and 3 . Thus, the present results show that study of the oxidation of GR(Cl À ), which has not been characterized till date because of the difficulty involved in its synthesis, provides valuable information on the control of Fe oxide formation in aqueous solutions.
Conclusions
The oxidation products of green rust (GR) suspensions having a relatively low electrochemical potential have been characterized by XRD and TEM for clarifying the effect of Cu on the oxidation reaction. Oxidation-induced changes in the ORP and pH of the suspensions are monitored. The main conclusions drawn in this study are as follows:
(1) Cu ions added to the GR(Cl À ) are reduced to metallic Cu, while a part of the GR is oxidized to Fe 3 O 4 . This is probably because of the low electrochemical potential 
